The ability to walk contributes considerably to physical health and overall well-being, particularly in children with motor disability, and is therefore prioritized as a rehabilitation goal. However, half of ambulatory children with cerebral palsy (CP), the most prevalent childhood movement disorder, cease to walk in adulthood. Robotic gait trainers have shown positive outcomes in initial studies, but these clinic-based systems are limited to shortterm programs of insufficient length to maintain improved function in a lifelong disability such as CP. Sophisticated wearable exoskeletons are now available, but their utility in treating childhood movement disorders remains unknown. We evaluated an exoskeleton for the treatment of crouch (or flexed-knee) gait, one of the most debilitating pathologies in CP. We show that the exoskeleton reduced crouch in a cohort of ambulatory children with CP during overground walking. The exoskeleton was safe and well tolerated, and all children were able to walk independently with the device. Rather than guiding the lower limbs, the exoskeleton dynamically changed the posture by introducing bursts of knee extension assistance during discrete portions of the walking cycle, a perturbation that resulted in maintained or increased knee extensor muscle activity during exoskeleton use. Six of seven participants exhibited postural improvements equivalent to outcomes reported from invasive orthopedic surgery. We also demonstrate that improvements in crouch increased over the course of our multiweek exploratory trial. Together, these results provide evidence supporting the use of wearable exoskeletons as a treatment strategy to improve walking in children with CP.
INTRODUCTION
Injury to the central nervous system during early development can lead to neuromotor disorders, such as cerebral palsy (CP), that negatively affect quality of life (1) . Motor deficits in CP produce pathological walking patterns (2) . Crouch gait, characterized by excessive knee flexion (3) , is a common and debilitating gait disorder in CP. No consensus exists on how much knee flexion constitutes crouch (4) . In children, the mean minimum knee angle during stance is typically 4°± 6°( 5); in those with crouch, the knee angle is beyond this range and may exceed 40°in severe cases (6) . Surgery (7, 8) , toxin injections (9) , and physical therapy (2, 10) may temporarily improve crouch, but longterm deficits frequently remain (11, 12) . Although not progressive from a neurological perspective, crouch gait is more energetically costly than typical walking (13) , so children with CP often decline in functional capability as they age (14) . Muscle strength and endurance do not keep pace with body mass during growth, exacerbating locomotor deterioration (15, 16) , ultimately leading to mobility loss in 50% of ambulatory adolescents with CP in adulthood (17) .
Technology-driven gait rehabilitation has led to new treatment options. Treadmill-based body weight support locomotor training (18) and robot-assisted gait trainers (RAGTs) (19) are more efficient than traditional approaches and have shown some effectiveness in children and adults with CP. However, in controlled trials, improvements were not superior to therapies of equal intensity, indicating that these new treatments should not replace overground training (20) . Further, treadmill-based approaches are constrained to clinical or research facilities, which limits treatment frequency and duration; thus, retention of improvements is unlikely after training ends (20) . Alternatively, whole-body vibration training may offer some gains in muscle and bone mass (21) but does not address specific gait deficits.
A clear need exists for more effective and sustainable treatments for crouch gait. Powered exoskeletons provide an untapped resource for this population. Wearable robotic devices for gait rehabilitation have primarily focused on restoring lost function due to paralysis in adults after spinal cord injury (22) or stroke (23) . Typically, these systems use impedance-based controllers to achieve desired joint trajectories (24) , with the amount of robotic guidance dependent on the user's capability (25) . Fundamentally, this approach mirrors the assist-as-needed strategy of RAGT, albeit in an overground setting. Translation of these technologies to children with gait pathology is not straightforward because the primary goal is to train a different walking pattern rather than to restore lost walking capability. Further, the neurological deficits underlying gait pathology from CP, including spasticity, poor selective motor control, and muscle weakness make the effect of motorized assistance difficult to predict in this population. An alternative strategy is to deploy motorized assistance to dynamically change posture during each gait cycle without imposing a strict trajectory, instead requiring the user to adjust to the perturbation using volitional muscle activity. Repeated exposure to such perturbations can recalibrate the motor strategy, but whether this recalibrated strategy can persist and replace the user's previous one remains an open question (26) .
To our knowledge, no previous studies have assessed wearable exoskeletons to treat biomechanical gait deficits in children and adolescents. Thus, their suitability for pediatric rehabilitation remains largely unknown. Here, we present findings from a multiweek exploratory trial of a pediatric exoskeleton (27) designed to alleviate crouch gait from CP. This study is the first step toward the long-term goal of implementing a novel device-based approach to treating crouch. The primary aims were to determine whether motorized knee extension assistance safely and effectively reduced crouch during overground walking in ambulatory children with CP, evaluate its effect on voluntary muscle activity during walking, and elucidate short-term changes in gait biomechanics in response to robotic assistance. We demonstrate that wearable exoskeletons can reliably reduce crouch within a short time frame in a cohort of children with CP as young as 5 years of age and that children with CP are capable of acclimating to robotic assistance without reducing knee extensor muscle activity, suggesting that exoskeletons are viable for overground gait training in this population.
RESULTS

Timing of exoskeleton assistance affects reduction in crouch
The exoskeleton provided powered knee extension assistance during the stance and late swing phases of walking in the form of a dynamic extensor torque about the knee rather than position-or impedancecontrolled limb guidance (Fig. 1A) . A proportional-integral-derivative (PID) motor controller compensated for friction and inertia to achieve the specified torque output at each state, including zero torque when no assistance was provided. The ankle joint was passively hinged, allowing free rotation. In-depth technical details can be found in (27) . Seven participants completed the multiweek trial ( Fig. 1B and Table 1 ). After initial fit adjustment and exoskeleton tuning, participants completed five additional visits to the National Institutes of Health Clinical Center, each lasting 2 to 3 hours. Similar to lowerextremity orthotic studies (28) , participants acclimated to the exoskeleton during four laboratory-based practice sessions before the final biomechanical assessment of differences between baseline and exoskeleton-assisted gait (Fig. 1C ). An initial gait assessment was also performed once the participant was able to walk independently with the exoskeleton. Total practice amount varied by individual because of fitness level, walking ability, age, and compliance with experimenter directions. Each assessment included the participant's everyday (baseline) walking condition, walking with exoskeleton assistance, and the null exoskeleton condition (zero-torque mode) during which no assistance was provided, but the controller compensated for the inertia of the device. Three different modes of knee extension assistance were implemented: during stance phase only, swing phase only, or both stance and swing phases (Fig. 1D) . For each participant, the assistive torque in each mode was held constant across the assessments. All participants achieved independent overground walking in the exoskeleton without a mobility aid or therapist assistance, with six of seven doing so within the first practice session. No falls were observed in any participant after this milestone.
For the stance and swing assist condition, the average knee extensor torque provided by the exoskeleton was 0.17 ± 0.06 Nm/kg (mean ± SD) during stance and 0.06 ± 0.02 Nm/kg during swing (table S1). For the stance assist condition the average torque was 0.15 ± 0.05 Nm/kg, and for the swing assist condition, the average torque was 0.07 ± 0.03 Nm/kg. For the null (zero-torque) exoskeleton condition, the average torque was 0.0013 ± 0.002 Nm/kg. The average torque in the early swing Fig. 1 . Lower-extremity exoskeleton study description. (A) Image illustrating exoskeleton components on a study participant. To ensure accurate kinematic comparison between conditions, marker clusters were placed on limb locations free from interference with the exoskeleton and were not removed between conditions. EMG electrodes were placed over the vastus lateralis (vastus lat.) and semitendinosus (semitend.). (B) Timeline of the six visits, including two data collection assessments and practice visits. (C) Time spent walking over ground with the exoskeleton by each participant. (D) Schematic of gait cycle phases and the timing for the three modes of knee extension assistance: stance and swing (blue), stance only (red), and swing only (green). (E) Kinematic outcome measures included knee angle at initial contact (q initial contact), peak knee angle during midstance (q midstance), and total knee excursion. Knee angle data of a representative participant (P7) at baseline and with the exoskeleton and reference data from typically developing children and young adults from our clinical laboratory database are shown. EMG outcome measures included the integrated muscle activity (area under the EMG percent gait cycle curve) during stance [area under the curve (AUC) stance] and swing (AUC swing), normalized by the peak value of each muscle during baseline.
phase of the assist modes, when the setting was also zero, was 0.019 ± 0.02 Nm/kg.
The mode of exoskeleton assistance significantly affected knee angle outcome measures [ Fig. 2 ; q initial contact analysis of variance (ANOVA), P = 0.002; q midstance ANOVA, P = 0.001]. The stance and swing assist condition resulted in significantly greater mean improvements in knee extension during midstance compared to the swing assist condition [more-affected limb, 11.8°(P = 0.012); lessaffected limb, 7.4°(P = 0.004)] and at initial contact compared to the stance assist condition [more-affected limb, 5.5°(P = 0.014); lessaffected limb, 10°(P = 0.003)] (Fig. 2) and was therefore selected for all subsequent in-depth analyses. Stance assist resulted in more knee extension during midstance compared to swing assist [more-affected limb, 6.3°(P = 0.014); less-affected limb, 7.7°(P = 0.013)]. Swing assist elicited a 7.5°reduction in knee flexion for the less-affected limbs compared to stance assist (P = 0.003). The response to each assistive mode varied across individuals ( fig. S1 ).
Exoskeleton assistance improved knee extension without reducing volitional muscle activity Kinematic responses to extension assistance varied across individuals and between limbs within an individual at the final assessment (Fig. 3 ). Significant reductions in knee flexion at initial contact and midstance were observed in six of the seven participants when walking with the exoskeleton; the largest individual improvement was a 36.7°increase in midstance knee extension. At the group level, walking with the exoskeleton in stance and swing assist mode improved mean stance-phase knee extension by 13.3°(P = 0.024) and 5.8°(P = 0.039) for the moreand less-affected limbs, respectively (Fig. 3A) . Knee extension at initial contact was improved by 6.8°for the more-affected limbs (P = 0.004). Vastus lateralis activity increased during swing [more-affected limb, 56% (P = 0.027); less-affected limb, 28% (P = 0.041)] (Fig. 3B ). Semitendinosus activity increased during stance [more-affected limb, 55% (P = 0.012); less-affected limb, 61% (P = 0.042)] and swing [moreaffected limb, 81% (P = 0.001); less-affected limb, 75% (P = 0.014)] (Fig. 3C) .
Comparing baseline and null exoskeleton conditions, no group-level significant differences were seen in knee angle at midstance (moreaffected limb, P = 0.81; less-affected limb, P = 0.12) or initial contact (more-affected limb, P = 0.58; less-affected limb, P = 0.17) ( fig. S2 ). The only significant differences observed in electromyography (EMG) were increases in both semitendinosus (51%; P = 0.001) and vasti (46%; P = 0.002) muscle activity during swing for the more-affected limbs ( fig. S2 ), an expected result due to the added mass of the exoskeleton.
Three participants used AFOs in their baseline walking condition (P1, P5, and P7). Although we did not compare the AFO to the no-AFO condition, the null exoskeleton (and the exoskeleton) had a free ankle. One individual (P1) was more crouched in the null exoskeleton condition compared to baseline with AFOs ( fig. S2 ), which likely decreased the effectiveness of the exoskeleton in reducing her crouch. No difference was observed between the AFO baseline and *Exoskeleton mass is the combined total for both limbs. †P3 typically walks with crutches and was originally classified as GMFCS III; however, when prompted, she walked without assistance and was reclassified as GMFCS II. Fig. 2 . Effect of exoskeleton assistance mode on crouch. Reduction in crouch, measured as increased knee extension angle compared to baseline walking during early (q initial contact) and midstance (q midstance) for the three assistance modes: stance and swing, stance only, and swing only. The darker and lighter bars depict group mean (n = 7) values of the more-and less-affected limbs, respectively. Error bars denote 1 / 2 SD; the large error bars indicate the large interparticipant variability ( fig. S1 ). Significant differences between conditions are indicated (post hoc paired t tests with Bonferroni correction, P < 0.05).
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Lerner, Damiano, Bulea, Sci. Transl. Med. 9, eaam9145 (2017) 23 August 2017 and semitendinosus (C) EMG activity across the gait cycle for each participant's more-and less-affected limbs during exoskeleton walking (colored lines) and baseline (thin black lines); EMG activity was scaled to baseline. Bars below are the mean change in EMG during exoskeleton walking relative to baseline during stance (left) and swing (right). For all bar plots, participants are presented from left to right by least-to-most improvement in crouch for their more-affected limbs. The darker and lighter bars depict the more-and less-affected limbs, respectively, and error bars denote 1 / 2 SD. Lines across the bar charts indicate group-level significant mean (avg.) changes from baseline for more-affected (dark shade) and less-affected (light shade) limbs (q midstance for less-affected limbs: one-sided Wilcoxon signed-rank test, P < 0.05; all other comparisons: paired t tests, P < 0.05). All gait cycle plots are individual means ± 1 SD in shaded regions; darker and lighter lines depict more-and less-affected limbs, respectively. the null exoskeleton for the other participant (P7) for which data were available. Mean total knee angle excursion (more-affected limb, P = 0.06; less-affected limb, P = 0.15), step length (more-affected limb, P = 0.22; less-affected limb, P = 0.22), and cadence (more-affected limb, P = 0.07; less-affected limb, P = 0.17) were not significantly different between baseline and exoskeleton walking during the final assessment ( fig. S3 ). Baseline spasticity (knee extensors, P = 0.77; knee flexors, P = 0.80) and body mass-normalized muscle strength (knee extensors, P = 0.41; knee flexors, P = 0.59) were not significantly associated with the changes in crouch (Fig. 4) . Mean extension torque provided by the exoskeleton during stance amounted to 27 ± 13% of mean knee extensor strength (table S1).
Improvement in knee extension accrued with practice Marked changes in gait were observed between the first and final sessions with the powered exoskeleton. Stance-phase knee extension improved by 5.3°(P = 0.003) on the more-affected limbs between assessments ( Fig. 5 and fig. S4 ), indicating a progressive reduction in crouch with continued exoskeleton use. When participants first walked with the exoskeleton, significant reductions in step length (moreaffected limb, P = 0.025; less-affected limb, P = 0.039) and gait speed (P = 0.023) were seen compared to baseline walking (Fig. 5A ). However, both measures returned to baseline values during the final assessment with step length increasing by 33% (0.09 m; P = 0.027) and gait speed increasing by 32% (0.18 m/s; P = 0.028) across assessments (Fig. 5A) . Increased muscle activity during exoskeleton use was also observed between assessments; relative vasti activity increased by 61% (P = 0.048) during swing in the more-affected limbs, whereas relative semitendinosus activity increased during stance by 36% (P = 0.027) and swing by 55% (P = 0.016) for the less-affected limbs (Fig. 5B ).
There were no significant changes in stance-phase knee extension (more-affected limb, P = 0.99; less-affected limb, P = 0.26) or gait speed (P = 0.05) when walking in the null exoskeleton condition (zero assistive torque) between assessments ( fig. S5 ). On the more-affected limbs, step length increased by 10% (0.04 m; P = 0.024), and knee angle at initial contact increased by 3.2°(P = 0.039). There were no significant changes in stance or swing phase knee extensor and flexor muscle activity between assessments in the null exoskeleton condition (all P > 0.05; fig. S5 ).
DISCUSSION
We developed a robotic exoskeleton designed to ameliorate crouch gait. Our results demonstrate that robotic assistance provided during overground walking significantly reduces crouch in children and adolescents with CP. We observed improvements in knee extension in six of seven participants with gains (8°to 37°) similar to or greater than those reported from invasive surgical interventions (7, 8) . Walking with the exoskeleton was safe and well tolerated with all participants able to walk independently after an initial acclimation period. Our results suggest that powered knee exoskeletons should be investigated as an alternative to or in conjunction with existing treatments for crouch gait, including orthopedic surgery, muscle injections, and physical therapy.
Effects of knee extension assistance were specific to the gait phase during which it was provided (Fig. 2) . Powered assistance during stance reduced crouch at midstance but did not improve knee angle at initial contact. Similarly, assistance in late swing improved knee extension at initial contact, but improvements did not persist throughout stance. However, the effects were additive such that combined stance and swing assist mode provided the greatest improvement in knee extension across the entire gait cycle.
The increase in gait speed across assessments, with no difference from baseline speed at the second assessment, indicates that participants acclimated favorably to the exoskeleton. Crouch, as assessed by knee extension during midstance, and step length also improved between assessments in most of the participants despite the amount of exoskeleton assistance being held constant. The lack of intermediate visit data precluded conclusions regarding the time course of crouch improvement during the acclimation period. It is likely that additional practice or increased amounts of assistive torque would have enhanced gains in crouch reduction in some participants. Long-term studies of the effects of assistance on crouch are needed to elucidate the mechanisms of improvement over time.
Many robotic gait trainers and exoskeletons use impedance-based controllers to guide the limbs along predefined trajectories (29) . We implemented a different strategy of providing dynamic extension assistance at multiple points in the gait cycle, a paradigm intended to perturb the user's baseline walking pattern. Most participants adjusted to the assistance after a short amount of practice as evidenced by the ability to walk independently on the first visit. Our results demonstrate that ambulatory children with CP did not reduce, but instead maintained or increased, knee extensor muscle activity when walking with the exoskeleton, suggesting that robotic assistance augmented, rather than replaced, volitional knee extensor muscle activity to elicit improvements in gait mechanics, despite unwanted concurrent increases in antagonist muscle activity in some individuals. Notably, knee extensor activity was maintained or improved between the first and final assessments, a result which has positive implications for retaining or potentially increasing muscle strength with long-term use of phasic wearable assistance. Previous studies of robotic assistance during walking in healthy individuals have found that users respond by reducing their voluntary effort to maintain baseline kinematics. Initial increases in ankle plantar flexion in the presence of assistance were transient and relatively quickly discarded with continued practice (30) . Similarly, robotic hip flexion assistance resulted in decreased muscle activity and peak hip flexion angle (31) . These results at the hip and ankle, combined with our results at the knee, suggest that the biomechanical effect of isolated exoskeleton assistance may differ between healthy individuals and those with neurological deficits. The exoskeleton was most effective at reducing crouch during midstance, whereas improving knee extension at initial contact was more difficult. Torque transfer to the knee was more effective in stance, when the average specified torque was 0.19 ± 0.08 Nm/kg and the measured assistance was 0.17 ± 0.06 Nm/kg, as compared to swing, when specified torque was 0.18 ± 0.04 Nm/kg but measured assistance was 0.06 ± 0.02 Nm/kg. Delivery of torque during late swing is challenging because knee extension velocity approaches the motor noload speed, and the motor latency (~50 ms) constitutes a considerable percentage of this gait phase, limiting the available time to deliver assistance (27) . However, neural responses to robotic assistance may also contribute to the gap in exoskeleton-mediated crouch reduction between stance and swing. Knee extensor and flexor muscle response to the exoskeleton was greater in swing despite delivery of less-assistive torque. Part, although not all, of this increased activity was due to the inertia of the exoskeleton ( fig. S2 ). Coactivation of antagonist muscles, either due to abnormal reciprocal inhibition (32), reciprocal excitation (33), attenuated presynaptic inhibition (34), or dystonia, may be responsible for the observed increases in both muscle groups, and spasticity may have contributed to increased flexor activation during late swing knee extension. Another possibility is that the elevated muscle activity in late swing was not a reflex but rather an attempt to resist postural changes at foot contact caused by robotic assistance because cocontraction responses improve stability for control over joint angles (35) , and such control has been previously demonstrated in children with CP (36) .
In stance phase, vasti activity remained at baseline values with the exoskeleton, whereas hamstring activity increased in five of seven participants in response to assistance (Fig. 3) . There are several possible explanations for this increased activation. Spasticity is a potential primary contributor because six of seven children in our cohort had mild spasticity measured clinically (Table 1) . More rapid knee extension after loading response may have elicited a stretch response in some individuals (P2, P3, P5, and P7), although these presumed stretch responses observed in EMG were not always consistent with clinical assessment of spasticity. This could be explained by a lack of sensitivity of the MAS, particularly in the lower extremity (37), or because knee joint velocity during MAS assessment is slower than that during assisted gait. Alternatively, the elevated hamstring EMG may be an attempt to maintain stability because reduction in crouch during midstance without a , knee angle at initial contact (q initial contact), and step length for more-affected (dark shades) and less-affected (light shades) limbs and gait speed at the first and last assessment visits during baseline (black/ gray) and exoskeleton stance and swing assist (dark/light blue) walking. Asterisks indicate significant differences between conditions during the first assessment (paired t tests, P < 0.05) in step length (more-affected limb, P = 0.025; less-affected limb, P = 0.039) and gait speed (P = 0.023). Differences between conditions at the last assessment are shown in Fig. 3 and fig. S3 . (B) Change in vastus lateralis and semitendinosus activity during exoskeleton walking relative to baseline as measured by area under the curve. EMG data during the exoskeleton trials were normalized by the EMG from baseline walking within visits. All values plotted are group means (n = 7); error bars denote ± 1 / 2 SD.
Bold lines and P values indicate significant differences between visits (paired t tests, P < 0.05). concurrent increase in hip extension would anteriorly shift the center of mass. Increased hamstring activity may also constitute a maladaptive response because of the external torque provided by the motor exceeding the internal flexor moment (38) . Additional improvements in posture and muscle patterns may be achieved by refinement of robotic control algorithms to account for internal joint mechanics (38) . More practice time may also enhance coordination of muscle activity with the external assistance. In addition to alleviating crouch, the perturbation-like dynamic assistance may also provide the opportunity to train a new strategy for walking. Modifying locomotor strategies via motor adaptation has been studied extensively (39) . Individuals with brain lesions from stroke (40) and CP (41) have shown improved short-term step symmetry in response to perturbations. Such changes are transient; the newly adapted movement patterns are rapidly abandoned after the perturbation is removed. The beneficial effects of short-term adaptation may be extended by repetitive training (42) and reinforcement (43) , supporting the idea that long-term training in the presence of a perturbation may form new motor patterns (26) . An exoskeleton that introduces postural changes as a perturbation, as in this study, may therefore provide an opportunity for long-term rehabilitation gains by reinforcing short-term adaptations through extensive home-based training, a potential advantage over traditional therapy settings. Transfer of these new patterns outside the environment within which they were learned (in this case, to walking without the exoskeleton) remains a key challenge. Gradually increasing the perturbation over time may result in more effective generalization of the new motor pattern (44) . Future studies focusing on systematic follow-up after intensive training with the exoskeleton will be vital in determining the dosage of assistance required to achieve long-term biomechanical improvements.
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Exoskeleton use may confer other benefits even in the absence of long-term crouch reduction without the device. A flexed posture significantly increases the muscular effort (6) and metabolic cost (45) associated with walking. Thus, the improved knee extension achieved using our device may ease the energy burden of walking and enhance physical activity in those with crouch, which may subsequently help halt or reverse the downward cycle of impaired mobility (14, 46) . Detailed studies of walking in the exoskeleton over longer time periods are necessary to fully assess the effect on metabolic cost and energy expenditure.
We observed asymmetric biomechanical responses to robotic assistance with greater kinematic improvements generally observed on the more-affected limbs. The less-affected limb, by definition, had a smaller range over which kinematic improvements could take place. In some cases, the disparity in knee extension improvements between limbs concurred with muscle activity results. For example, P5 and P7 had greater increases in hamstring activity and less crouch reduction with stance phase assistance on the less-affected limb. This result is in agreement with recent studies of unilateral leg weighting in children with CP in which adaptation effects differed between dominant (lessaffected) and nondominant (more-affected) legs (47) suggesting that, like healthy individuals, children with CP have separate neural circuits for controlling each leg during walking that can adapt independently (48) . Although we tuned the torque setting for each leg independently, outcomes may be further improved by using distinct control strategies for each limb.
Heterogeneity in the type and timing of neurological insults leading to CP creates variability in both the degree of motor disability (49) and the response to interventions (50, 51) . However, we observed significant crouch reduction in six of seven participants. These improvements were not correlated with clinical assessment of spasticity or extensor strength. The former result was not surprising because spasticity is only weakly correlated with reduced walking ability (52) . Conversely, the same study found that strength was strongly correlated to gait function. Our participants had sufficient strength to ambulate independently; a stronger correlation between strength and exoskeleton response may become more evident in individuals with greater weakness and mobility challenges. Nonetheless, the exoskeleton improved upright posture in children with widely varying crouch severity (21°to 51°of knee flexion at initial contact) and thus may be a broadly applicable treatment for crouch across the CP population.
Our findings pave the way for the longer-term investigation of wearable exoskeletons for gait rehabilitation in children with neurological disorders. Even the participant (P1) who did not exhibit reduced crouch with the exoskeleton compared to baseline at the final assessment improved over the course of the study. This participant had the slowest absolute and height-normalized walking speed during baseline and exoskeleton conditions. On her first assessment with the exoskeleton, she ambulated via noncontinuous steps. However, she increased her gait speed by 140% and her more-affected limb knee extension by 20% between assessments, suggesting that additional practice with the exoskeleton may have improved her posture.
Limitations of this study were the small number of participants and that all were at Gross Motor Function Classification System (GMFCS) level I or II. To isolate the biomechanical effects of robotic assistance, only participants who could walk without external assistance were included, limiting the generalizability of our findings. Many individuals at GMFCS levels III and IV are at higher risk for losing functional mobility in and after adolescence (53, 54) and thus would likely benefit from exoskeleton assistance. Similarly, children with lower limb weakness as a result of muscular dystrophy, spina bifida, or incomplete spinal cord injury are also potential candidates for training with this type of device. Although more research is needed, the diversity in age range, anthropometrics, and crouch severity was a strength of our small cohort, which lends credence to broad applicability of exoskeletons for gait training.
In conclusion, our findings demonstrate that a powered lower extremity exoskeleton providing dynamic extension assistance produces clinically meaningful improvements in crouch during overground walking in children and adolescents with CP. The exoskeleton was well tolerated, and biomechanical improvements accrued after a small amount of time in the device. Collectively, these results provide evidence to support larger controlled intervention studies of pediatric exoskeleton efficacy for gait rehabilitation in CP and other disorders.
MATERIALS AND METHODS
Study design
The goal of this study was to assess the effects of powered knee extension assistance during overground walking in children with crouch gait from CP. Biomechanical effects were measured in a motion capture laboratory, with primary outcome measures of knee extension angle and knee extensor (vastus lateralis) and flexor (semitendinosus) EMG. This was a cohort study with two data collection time points. Primary outcome measures were evaluated at the final assessment, allowing all participants four practice sessions to acclimate to the exoskeleton. These acclimation periods are common in studies of lower extremity orthoses (28) . To examine short-term biomechanical changes during acclimation, an initial data collection was performed when each participant was first able to walk independently with the exoskeleton. At each assessment, data were collected in the baseline walking condition, with the exoskeleton in three assist modes (stance only, swing only, and stance and swing) and a null exoskeleton mode in which no assistance was provided, but the controller provided inertia compensation for the exoskeleton. Within each session, the order of exoskeleton modes was randomized.
Our protocol (#13-CC-0210) was approved by the National Institutes of Health institutional review board. Individuals between the ages of 5 and 19 were recruited to participate in our study that included six visits over 8 to 12 weeks (Fig. 1B) . In addition to a diagnosis of crouch gait from CP, inclusion criteria were GMFCS levels I and II, thigh-foot angle from 10°internal tibial rotation to 25°external rotation, and less than 5°and 10°knee flexion and plantar flexion contractures, respectively. Participants were excluded if they had any health condition other than CP that would affect their participation. Eight participants with spastic diplegic CP met all the criteria. Informed assent and consent were obtained from each child and their parents, respectively. The parents of one participant, a 5-year-old who had difficulty complying with study procedures, withdrew the child from the study. Participant information for the seven individuals who completed all six visits is shown in Table 1 .
Exoskeleton design
A full technical description of the exoskeleton used in this study can be found in (27) . The device is based on a standard knee AFO with a passive adjustable dynamic ankle joint and an actuated knee joint containing a back-drivable 24-V, 90-W brushless motor (Maxon Motor) with a custom-designed two-stage transmission. The exoskeleton's maximum torque is 16.1 Nm, and the maximum no-load speed is 314°/s. The exoskeleton weight varied by individual ranging from 2.6 to 4.5 kg for both legs combined (Table 1) . Each limb's exoskeleton contained a quadrature encoder (Maxon Motor), a torque sensor (Transducer Techniques), and a force sensitive resistor (Interlink Electronics) to track knee angle and angular velocity, knee joint torque, and foot-ground contact, respectively. The gait cycle was split into three discrete states (stance, early swing, and late swing) in real time using sensor feedback and a rulebased finite state machine. Within each phase, a PID controller was used to achieve the desired torque output. PID gains were tuned manually during benchtop testing before each participant donned the device and remained the same for all experimental sessions. The mean latency was 53 ms for torque activation and 57 ms for deactivation (27) ; thus, the desired step input changes in torque set points within each gait phase were achieved as ramp responses in practice. The control system was implemented in a single-board computer (LX800, LiPPERT Embedded Computers) running Debian Linux with Xenomai realtime kernel. The exoskeleton can be powered by a DC power source or an onboard 22.2-V lithium-ion battery. The control box weighed 2.0 kg and was carried by an experimental assistant walking behind the participant.
Study protocol
On the first visit, participants completed baseline overground gait analysis and knee flexor and extensor spasticity and strength assessment (System 4, Biodex). An orthotist cast each participant's legs for fabrication of the custom exoskeleton. On the second, fourth, and fifth visits, each lasting 2 to 3 hours, participants donned their exoskeleton and practiced walking overground and on a treadmill (Fig. 1C) . Exoskeleton assistance could be provided during the stance and late swing phases to assist knee extension. Assistance was provided in the form of a step change in torque set point. Whenever assistance was not active, the control algorithm specified zero torque (free rotation) as was always the case during early swing to allow the knee to flex without resistance and to maintain toe clearance. The amount of assistance was tuned during the second visit with the goal of maximizing knee extension without compromising walking stability. The torque set point was incrementally increased, and the effect was evaluated visually and through verbal feedback with the user until the optimal setting within the limits of the device that could be comfortably accommodated by each participant was reached, an approach similar to clinical tuning of commercially available prosthetics and orthotics. Torque set points were tuned separately for each limb and gait phase (stance and swing) and remained the same during all data collection sessions to allow acclimation and to preclude confounding effects of varying the amount of assistance. We evaluated three different modes of exoskeleton assistance: (i) stance assist, (ii) swing assist, and (iii) combined stance and swing assist (Fig. 1D) .
Data collection was allocated to two visits: The first assessment occurred on the third visit except for one participant (P5) who was unable to walk independently with the exoskeleton until the fourth visit, so the fifth visit was his first assessment, and the final assessment took place on the last visit. At the start of the data collection visits, which lasted 3 to 4 hours, participants completed an overground walking trial in their normal baseline condition (shoes with or without prescribed AFOs). Each walking trial comprised a minimum of four passes across the 5-m motion capture space. Next, participants donned the exoskeleton and completed each exoskeleton walking condition over ground. A safety line, attached to a torso-mounted gait belt, was in place but untensioned as long as the participant remained upright. The exoskeleton was tethered to a power supply to guarantee continuous operation during testing. Participants were provided frequent rest periods to minimize fatigue. One participant (P5) was unable to complete the null exoskeleton condition during the final assessment.
Gait assessments included motion capture and EMG. Ten infrared cameras (Vicon Motion Systems) recording at 100 Hz captured the three-dimensional positions of retroreflective markers placed according to a custom marker set (27) . Wireless EMG electrodes (Trigno, Delsys) recording at 1000 Hz were placed bilaterally on the vastus lateralis and semitendinosus. Motion capture, EMG, and exoskeleton data were synchronized via an electrical pulse.
Biomechanical analysis
Joint angles were computed in Visual 3D (C-Motion). MATLAB version 2016a (MathWorks Inc.) was used to postprocess the joint angle, exoskeleton torque, and EMG data. EMG data were band-pass-filtered (15 to 380 Hz), full wave-rectified, and low-pass-filtered with a 7-Hz cutoff frequency to generate linear envelopes (55) . The area under the stance and swing portions of the EMG versus percent gait cycle curve were calculated by numerical integration (Fig. 1E) .
For each subject, strides were normalized to percent gait cycle and averaged across gait cycles for each walking condition. The leg with the greatest crouch during stance was designated as the more-affected limb. Only independent walking strides without external assistance in which the exoskeleton was functioning properly were analyzed.
Kinematic outcome measures included knee angle at initial contact (q initial contact), minimum knee flexion during stance (q midstance), and total knee excursion (Fig. 1E) , with a reduction in knee flexion angle (increased knee extension) considered an improvement in posture.
Spatiotemporal outcome measures included step length, cadence, and gait velocity. Neuromuscular outcome measures included integrated EMG during stance and swing. To compare between exoskeleton and baseline walking conditions within a visit, EMG data were normalized by the peak value of each muscle's activity during the baseline trials. To compare the exoskeleton conditions between visits, EMG data for each muscle during the exoskeleton trials were normalized by the EMG data during the baseline trials for that visit.
Statistical analysis
For each condition and outcome measure, means and SDs were calculated for the more-and less-affected limbs. One-factor repeated-measures ANOVA procedures were used to determine the effects of the three exoskeleton assist conditions on knee flexion at initial contact and midstance. When indicated, post hoc comparisons were performed using paired t tests with Bonferroni multiple comparisons correction. Paired t tests were used to evaluate a small number of a priori comparisons: between baseline and exoskeleton walking conditions under optimized torque settings (and the null exoskeleton condition) on the final assessment and between the two assessments during walking with the exoskeleton operating at same torque settings. For each comparison, the Jarque-Bera two-sided goodness-of-fit test was used to check for normality. Wilcoxon signed-rank tests replaced paired t tests for distributions that failed normality. Pearson's product-moment correlation analysis was used to relate knee extensor and flexor strength and spasticity to changes in crouch. Statistical significance was set at a < 0.05, except when adjusted for multiple comparisons. Individual subject-level data are shown in table S2.
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